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NEW TECHNIQUE FOR MEASURING PHOTONUCLEAR CROSS SECTIONS 
AND ITS APPLICATION TO THE cu63(y 9 n)cu62 
AND cl2( y 9 n)cll REACTIONS * 
Lester L. Newkirk 
and 
Lo Jackson Laslett 
ABSTRACT 
A new technique for the determination of photonuclear 
cross sections is described in detailo It was applied to 
the cu63(y 9 n)cu62 and cl2(y 9 n)Cll reactions from tr.tresholds 
up to 60 Mevo The results obtained are consistent and are 
in good agreement with results obtained by different methods 
( 192) 0 
The synchrotron 9 which was used to induce the reac~ 
tions 9 produces photons which have a continuous distribu~ 
tion in energy up to the kinetic energy of the el~ctrons 
E0-~ 9 where Eo is the total electron energr and M is the 
rest energy of the electrono Thus 9 A(Eo=M) 9 the reaction 
rete for a photonuclear reaction 9 is proportional to the 
integral 9 from threshold T to Eo=JL» of the product of the 
cross section a(k) and the photon distribution P(k;E0-~), 
where k represents the photon energyo Accordingly, 
A-(E0 -JJ.) = Na JTEo-ll v ( k) P( k 9 E0 =JJ.)dk 9 
whexo'e N is the number of atoms per square centimeter of 
:sample material, ·and a is the area of the sample in square 
c~ntimeterso 
To solve Equation 1 for a (k) requires that A(E0 - 1:.t) 
and P(k 9 E0-~) be knowno The reaction rate may be obtained 
by measuring the radioactivity induced in the sample by the 
photonuclear process; and then converting the result . to 
saturation activityo The photon distribution shape is be-
lieved to be known from theory (3) which has been verified 
experimentally at several values of E0=~ (4,5 9 6). To 
make use of the distribution shapes 9 there must be some 
means for adjusting the ordinates of the respective photon 
spectra to the values which are appropriate at the various 
electron energies at which the synchrotron is opera·t~d 
while determining an activation curveo This leads to the 
* This report .is from a PhD thesis by Lo Lo Newkirk sub-
mitted December l95lo 
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necessity for monitoring the synchrotron beame 
Induced radioactivity provides a monitoring method 
if some information concerntng the photonuclear cross 
section of the monitor is at hand. In the technique 
described here, one new way of using . radioactivity to mon-
itor the beam is employed in a way which appears to offer 
certain definite advantages. 
The technique makes use of a mechanical dev1c,e, called 
an oscillator~ which slides a test sample and a similar 1 
monitor sample into and out of the beam. By means of a 
lead shield, one sample is shielded from the beam while 
the other is expos·ed to the beam. As the oscillator moves 
to and fro, the electron energy value of the synchrotron 
is switched back·-:and forth between two · values. After many 
cycles of the oscillator have occurred, two radioactive · 
samples are available for counting, each having been ir- · 
radiated at different electr~n energiese Other runs are 
made under the same ·conditions of irradiation and counting 
for both samplese The electron energy value for the 
monitor sample is always kept the same; but the value for 
the test sample is changed from run to run. Since the 
monitor samples are always irradiated and counted under 
practically the same conditions from one run to another, · 
any random or long period beam intensity changes will 
show up in the monitor sample activity. One of the monitor 
sample activities is arbitrarily selected as the one 
corresponding to a standard of beam intensity. Each test 
sample activity is then adjusted to the value it would 
have had if this standard of intensity had been present 
at the time the sample was irradiated& These new 
activation results are directly proportional to the 
saturation activities that correspond to the standard of 
intensity, and when plotted they give a relative 
activation curve, A(E 0-~). 
It would seem that the photon distribution required 
for the solution of Equation 1 is the integrated one of 
Bethe and Heitler {3), multiplied by the fraction of the 
total photon intensity which fa+ls on the sample. This 
was not found to be true; therefore, it was necessary to 
determine experimentally the photon distribution which 
is a~plicable heree A relative activation curve for the 
Agl07c ?r,n)Agl06 reaction was obtained with the oscillator. 
Since . the general shape of the . cross section for this 
reaction is known (1), it was possible to adjust the 
ordinates of the respective photon. spectra to the proper 
values for use in Equation 1. 
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The discrepancy between the theoretical and the ex-
perimental ad-justed photon distributions was large at 
the lower energies. This is attributed partly to the 
disa greement at lower energies between the theoretical (7) 
and the experimental bremsstrahlung intensity-angle dis~ 
tributions obtained h eree In addition, such phenomena 
as the loss of electrons in the orbit and multiple 
traversals of the target by the electrons may cause a 
part of the disagreement~ 
Actilation curves for the cu63( o,n)Cu62 and 
cl2( ~,n)C l reactions were obtained and then were used 
to solve Equation 1 for the respective cross sections. 
Table 1 shows a comparison of the cross section results 
obtained here with the results of other workers who used 
a different metr1od. The analysis was made numerically by 
replacing the inte gral with a summation over photon energy 
intervals of 1 Mev in width, within each of which an 
average cross section value was obtained. Since neither 
absolute counting nor absolute monitoring were performed, 
the cross section results are only relative. It would 
be possib le, however, to make these · results absolute if, 
for each reaction, one additional run were made at a 
certain value of E0 -,.u. under condi ti·ons of absolute 
monitoring and counting . Since the relative cross section 
for the reaction is at hand, the absolute value of the 
cross section at this E -~ could be determined. This 
value then could be a pp£ied to the relative cross section 
curve to convert it into an absolute one. 
A somewhat extensive bibliography and review of the 
work previously done in the photonuclear field is included 
in the thesiso 
Table 1. 
Reaction Threshold Energy at Width of 
peak cross Half Reference 
Mev section Maximum 
Mev Mev 
Cu63( '(" ,n) cu62 l0c 9 17.5 5.7 a 
10o9 17.5 6.0 b 
10.6 17.0 6o5 c 
cl2 ( 6 ,n) ell 18o7 22o4 4.2 d 
17.,5 20 3.5 c 
aReference ( 1) 
bReference (2) 
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II. IN1'RODUC'r ION 
Ever since Chadwick and Goldhaber (1) first 
de monstrated the photodisinte gration of the deuteron in 
1935, much work has be en devoted to the study of ga m~na­
ray induced processes. Ph otonuclear invest:i. .:,at ions were 
at first very much limited in scope. This was so 
because only a few mon oenerge tic gamma-ray sources were 
available, these being of insuffici ent energy to g ive 
rise to many reactions of interest, and of insufficient 
intensity, in many cases, to give strong yields. Wi th the 
advent of the high ener gy e lectron accelerators (betatrons 
and s~mchrotrons) which produce photon ene r gies u p. to the 
ener gy of the electrons, however, the research in this 
field has become quite extensive in nature. 
Various lines of investigation have been followed in 
this field, a portion of the work being devoted to the 
experimental determina tion of photonuclear cross sections. 
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These s:re of intex•est becs.u.ae of the :resonance character-
istics they exhibito There hawe been various methods 
used for such determinations 9 and they will be discussed in 
the section which follows this oneo 
It is the purpose of this paper to describe in detail 
a new technique for obtaining photonuclea:r erose sections. 
The results obtained hawe prowen to be consistent and~ 
once set up 9 the method wou.ld appear to be somewhat more 
convenient than other methods in existence at the present 
timeo 
Moat photonu.clear cross section determinations are 
not concerned with photons of a single energy only, but 
deal with photons having a continuous distribution in 
energy 9 such as are produced by a betatron or a synchrotron. 
Because of this 9 the cross section determination requires 
the solution of the integral equation, 
. Eo-~ A(E0-~ ) ~ Ns j T (k) P (k, E0-~)dko (1) 
k ~ photon en~rgyo 
E0 ~ total electron energy o 
v l!!! rest energy of the electron . 
E0 - ;:J. :::: the maximum photon energy o 
T ~ the thre~hold for the resction o 
A(E0-~) ~ reaction rate. 
N ~ number of stoma per square centimeter of 
sample material. 
a :; sample srteso 
fr(k) ;-: photonuclea.r cross 5ectiono 
P(k 9 E0 ~~) ~ photon distribution such that 
P(k, Eo-y~ )dk gives the num.ber of photons :per square 
centimeter per aecond (falling on the sampl~) which have 
an energy between k and k + dko 
A knowledge of the reaction rate and th~ photon 
distribution is obviously necessary fo~ the determination 
of the cross section. The reaction rate may be obtained 
e~perimentally by measuring the radioactivity induced in 
the :Elample and converting the result to the saturation 
activity o The photon distribution shape as a function of 
k is believed to be well knovn from theory (2) which 
has been verified experimentally at several values of 
Eo=M (3~4 9 5)o The photon beam from a high energy 
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accelerator may be subject to fluctuations in intensity. 
Also, there may be loss of some electrons in the orbit, 
and multiple traversals of the target by some of the 
electrons. Because of these factors, there must be some 
means for determining the relative ordinates of the 
respective photon distributions which are appropriate to 
the various electron energies at which the machine is 
operated while obtaining an activation curve. This means 
that the photon beam from the accelerator (a synchrotron 
was used in this experiment) must be monitored. 
Ion chambers and pair spectrometers may be used to 
monitor the intensity of photon beams. In addition. to 
these devices, induced radioactivity provides a mon~toring 
method if some information is at hand concerning the photo-
nuclear cross section of the monitor. 
In the technique of cross section determination to be 
described in this paper, one new way of using induce·d 
radioactivity to monitor the be.am is employed in a manner 
which appears to offer certain definite advantages. It can 
be d~scribed briefly as follows. An oscillator~ holding 
two samples of the same material, alternately slides them 
into the beam for a short time in such a way that while 
one sample is irradiated the other sample is shielded from 
the radiation by means of a laminated lead shield. At the 
same time~ the electron energy of the synchrotron beam is 
switched alternately back and forth between two values, one 
of which serves as a standard for monitoring the beam 
intensity. This latt·er value remains unchanged, but the _,. 
other is varied from one run to another~ After allowing 
the oscillator to perform several complete cycles, there 
are two radioactive samples available. One of them, the 
test sample, will have been irradiated at some pre-set 
electron energy setting of the synchrotron; and the other, 
. the monitor sample, will have received radiation at the 
monitor electron energy setting of the synchrotron. Since 
the monitor sample is always irradiated and counted under 
the same conditions, any random or long period beam 
intensity changes will show up in its activity. The 
experiment can be repeated under the very same con~tions 
at various electron energy settings for the test sample. 
The monitor sample activity of one of the runs is 
arbitrarily selected as the value to represent a standard 
of beam intensity.. All test samples are then converted 
to the values which they would have had if the standard 
.. 
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intensity condition had been present. This conversion is 
acco mplished by a simple proportion calculation. The 
results when plotted give an activation curve. 
In order to determine the relative ordinate s of the 
resre ctive photon distributions, an activation curve for 
the reaction Agl07(~,n)Agl06 was obtained with the oscil-
lator. Since the general character of the cross section 
for this reaction is knovm, it was possib le to determine 
the relative ordinates of the photon distributions. The 
results are then applicable to any activation curve taken 
with the oscillator. 
The new technique was used to determine the relative 
cross sections for the reactions 
Cu63( 6,n)Cu62 and cl2( r ,n)cll up 
appear to be consistent and are in 
other data, as a later comparison 
to 60 Mev. The results 
good a greement with 
will show. 
III. REV IEW OF LITERATURE 
Although this thesis is concerned primarily with the 
experimental measurement of photonuclear cross sections, 
a survey of the photonuclear field in general will be 
presented below in order to call attention to the various 
aspects of the photodisintegration process. 
'rhe range of activities in this field can be broken 
down into cross section and related investigations, yield 
measurements, threshold measurements , and energy-angle 
distribution measurements. The se various phases of 
photonuclear disintegration will be discussed be low, with 
an attempt being made to follow the general historical 
deve lopment within each main section. 
A. Cross Section and Related Investi gations 
The first experiments in photonuclear disintegrations 
following those of Chadwick and Goldhaber we re ma de. by 
Bothe and Gentner (6). Using the gamma-rays produced by 
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protons on lithium and by protons on b oron, they induced 
photodisintegration in several different nuclei, and 
measured and identified the resulting activities. They 
estimated the cross section for the Cu63( r ,n)Cu62 reaction 
to be of the order of 5 Xlo-26 cm2o Later Hube r et al. (7) 
did work of a similar natul"e. - -
Hirzel and WKffler (8), also using the gamma-rays 
from lithium, measured several ( ~ ,n) cross sections 
(relative to the cu63( ~ n)Cu62 reaction). From the data 
on 35 isotopes b etween N14 and Aul95 they found a general 
increase of the cross section with an abrupt rise between 
ca40 and sc45. 
Russell et al. ( 9 ) ob tained monochromatic gamma-ray 
sources of different energies by means of pile activation 
and have determined the ( t , n) cross sections in beryllium 
and deuterium at tha se different ener gies. 
11 Nuclear emulsions and the l i thium gamma-rays were used 
by Waffle~ and Youn is (10) to measure the cross sections of 
the cl2( r. ,n)cll and n2( ~~ ,n)p reactions. 
The first pa po r on the shape of the ( r , n ) cross sec-
tion curve was pub l ished by Baldw~n and Klaiber (11) for 
the cl2 ( o' ,n) ell and Cu63 ( (' ,n) Cu6~ reactions. They deter-
mi ne d curves of relative samp le acti vity versus maximum en-
ergy of the 100 I.lev beta t ron, monitoring the beam intensity 
with an ion chamber whose res ponse at various energy set-
tings of the betatron had been est imated. With the assump-
tion of a simplified rectangular bre msstrahlung distribution , 
they ob tained relative cr os s section curves by differentiat-
ing the corrected y ie ld curveso The res ulting cross sec -
tion curves exhibited resonance cha racteristics; the curve 
for coppe r shovied a sharp maximum at 22 Mev, and that for 
carb on showe ::1 a sharp max i nmm at 30 1Iev with a hi gh energy 
tail. 
Worke rs at the Un iversity of Saskatchewan 
(12,13,14,15), using a different techn ique, have measured 
cross section shapes for severa l reactions with their 26 
Mev betat ron and l ikewi se have observed r esonant effects. 
In this case the bea m intens ity is monitored by an r meter, 
i mbe d::1ed in lucite, whose res pon se t o the ionization 
produced by the bremsstrahlung has been calculated. If 
the r me ter res p onse is known , and the b remsstrahlung 
i ntensity distribution is assume d to be that represented 
by an e qua tion due to Schiff, then the total number of 
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photons at each energy for a given irrajiation perioj can 
be jeterminej. With t h is knowlej ge anj the activation 
curves correctej to the g iven irrajiation perioj, it is 
possible to solve the integral equation for the cross 
section by a numerical methoj. 
Diven anj Almy (16 ), at the University of Illinois, 
have usej a simi _lar metho-:::1 to ob tain abso~ute Q,toss se~tion 
curves up to 22 Mev for ( 7f' ,n) processes J.n Al C-'1, AglO 7, anj 
Cu63. Likewise, Toms anj St ephens (17), monit oring the 
beam intensity with a n ion chamber anj using nuclear 
emulsions, have founj absolute cross section curves up to 
25 Mev for Mg25("(' ,p) Na24. 
Scintillation counters to jetect photoprotons were 
usej by Mann anj Halpe rn (18 ) to measure the absolute cross 
section curves for the Cl2( i' ,p) Bll reaction (up to 25 lliev). 
The clouj chamber has been usej by Baljwin and Klaiber 
(ll) to ob se rve photonuclear reactions, anj by Gaertner 
and Yeater (19, 20) to measure single, jouble , anj star 
intes ratej cross sections for the photojisinte gration of 
nitrogen, carbon , helium, anj oxyeen by 100 Mev 
bremsstrahlung projucej by a be tatron. 
Recently, a methoj for measuring average photon 
resonance energ;;- in photonuclear reactions was jevisej by 
Koch et al. (21) anj appliej,to the Cu63( ~,n)Cu62 anj 
cl2(r ,nTCll processes. The absorption coefficients for 
the photons projucing t he reactions were mea surej in leaj 
anj aluminum. On the basis ~f these coefficients, anj with 
a knowlejge of the a bsorption-energy curves in le aj anj 
aluminum suppliej by a co-worker, the avera ge energy of the 
copper reaction was founj to be 17.2 !: 0.4 Mev anj that 
of the carb on rea ction 22.1 ± lo5 Mev. 
Strauch (22) also has measured the effective or average 
photon resonance energy for several photonuclear proce sses 
by measuring in leaj the absorption curve of the photons 
responsib le for the reaction. The the ory is suppliej by 
Eyges (23) anj prejicts that the area unjer the absorption 
curve jetermines an effective or avera ge ener gy of the 
photon causing the photonuclear reaction. 
R. Sa gane ( 24) , using a technique of s i mul tane ous 
activation, has measurej cross s ection curves for several 
reactions using the 70 Mev Iowa State Colle ge synchrotron. 
In his methoj the beam intensity is monitored by means of 
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the activity induced in a monitor sample that is bombarded 
at the same ti ~e as the sample being studied. It is 
required that the photonuclear reaction in the monitor 
sample have a resonant ener~y value less than that of the 
reaction being studied. If this is so, and if a simplified 
rectangular x-ray spectrum is assumed, differentiating the 
corrected yield curve produces a first approxi rr:ation to the 
cross section shape. 
An experiment was done by Perlman and Friedlander (25) 
to determine if other compe ting processes , such as ( i' ,2n) , . 
could be responsible for the resonant shapes of the ({' ,n) 
cross sect~gn curves. Results show, however , that in the 
case of Cu , as well as other nuclei , the decrease in the ( r ,n) cross sect ion in the higher energy re gion is not 
compensated for to any appreciable extent by an increase in 
these competing processes. On the basis of these results 
it seems that the photonuclear reactions are indeed due to 
a resonant effect. 
Goldhaber and Teller (2 6) presented a theoretical 
paper in 1948 which attempted to explain photonuclear 
resonant phenomena. They assumed tha t the photons excite 
a dipole vibration in which all the protons in the nucleus 
move together in a vib ratory manner always in opposition 
to the movement of all the neutrons. The bredth of the 
resonance is assumed to be due to the transfer of energy 
of the orderly dipole vibration into other modes of nuclear 
motion. If coupling is assumed be twe en the orderly 
vibratory state and these other nuclear motions, a great 
number of nuclear levels are ob tained, each containing the 
dipole vibration to s ome extent. If the coupling is weak , 
however, only those levels will contain considerab le 
contributions from the first excited state of the dipole 
vibration whose energy does not differ a ppreciably from the 
energy of the first excited state. As a result, a great 
numbe r of nuclear levels contribute to gamma-ray 
absorption , but they all cluster around the first excited 
level. These ass~~ptions lea d to the 7r.esults that the 
resonant energy is proportional to A-1 6 , and that the 
inte grated cross section is proportional to A, where A is 
the mass number. 
Steinwedel et al. (27) treat what they term a more 
plausible model whic~was ment ioned only slightly by 
Goldhaber and Teller. This model assumes an 
interpenetrating motion of the proton fluid with density 
- 15 - ISC-183 
PP< r, t) and neutron fluid of densi tye n< r, t) , under the 
conditions o7f constant total density and fixed nuclear 
radius, r 0AJ 3. The results ~dicate that the resonant 
energy is proportional to A-1;3 , and that the integrated 
cross section is just one-half that given by Goldhaber and 
Teller. 
In another theoretical paper dealing with the resonant 
photonuclear effect Levinger and Bethe (28) considered 
dipole transitions without assuming any particular model 
as did Goldhaber and Teller, and Steinwedel. A function 
was assumed for the ground state only and a sum over all 
excited states was made, closure being used for the matrix 
elements. The results depend, therefore, only on the 
function assumed for the ground state. In this theory the 
integrated cross section equals O.Ol5A(l + 0 .8x), 
if N=Z=A/2 , where N is the number of nucleons - in the 
nucleus, Z is the atomic number, A is the mass number, 
and x is the fraction of attractive exchange force between 
a neutron and a proton . The average value of the photon 
ener&y responsible for the reaction was found to be equal 
to 4/3 the average kinetic energy of a nucleon in the 
nucleus (ab out 19 Mev), and is independent of A since 
nuc£ ar surface effects were neglected. 
B. Yield Ivieasurements 
Another type of experimental research work which has 
led to interesting results is that dealing with yield 
measurements , no attempt being made to calculate cross 
sections. 
In 1946, Wiedenbeck (29) measured neutron yields due 
to photons on beryllium by means of the neutron induced 
activity in rhodium. The following year Perlman and 
Fr•iedlander ( 30) measured the l~la ti ve lields of 15 ( [ ,n) 
reactions for nuclei between C and Re 87 for 50 and 100 
Mev bremsstrahlung . It was noted: that the yie lds at both 
energies were essentially the same for each reaction, 
thus revealing for the first time tha t ( Y,n) reactions 
mi ght be of a resonance character. 
In a later paper Perlman and Friedlander (25) refer 
to further yield measurements of not only ( r ,n) reactions 
but also ( o ,p), ( ¥ ,2n), and ( 6 ,2p ). The results show 
- 16 - ISC-183 
an abrupt rise in the ( J ,n) yield at copper. Below copper 
the ( ,n) yields are approximately equal to the ( r , p) · 
yields, but above copper ( Y ,n) yields are greater than 
( ~ , p ) yields. It was also stated that ( f ,2n) and ( t ' ,2p) 
yields were found to be much less than ( r ,n) and ( if , p ) 
respectively, Some investigation of secondary processes 
due to protons and neutrons was made and the results 
indicated that secondary processes are not responsible for 
any significant fraction of the yields of the primary 
reactions studied. It was noted that there is an abrupt 
rise in ( ;'( ,n) yields at A = 60. Later Perlman ( 31) 
reported, however( that additional measurements had shown 
that . the rise in ! ,n) yields at A ~ 60 takes place over a 
range of 15 mass units and not abruptly as reported previ ous-
ly. A similar rise in ( ;,·· ,n) yields at A -==-120 also was 
observedo 
Waffler and Hirzel (32) measured the ratio of the 
( r ,p) yield to the ( ,n) yield for several middle weight 
nuclei and found the ratio for many to be from 100 to 1000 
times greater than expected theoretically on the statistical 
model. A theoretical attempt at explaining the hi~her 
proton yield was made by Schiff (33). He considered the 
difference in character of the compound nucleus formed by 
nucle on i mpact and that formed by gamma-ray absorption. 
In the latter case, the electromagnetic field of the photon 
varies slowly over the nucleus so that all protons are 
acted on by similar forces. This results .in a compound 
nucleus that can be described by a smaller number of modes 
of vibration than in the case of nucleon impact. The high 
de gree of re gularity of the comp ound states will be 
reflected to some extent in the states of the residual 
nuclei. Under these assumptions, if the density of re gular 
energy levels of the residual nuclei is calculated on the 
basis of t he statistical mode l, the density is fow~d to ' 
increase less rapidly with increasing excitation energy 
than the total level density& This results in the 
emission of more high energy nucleons. Due to the smaller 
·importance of the Coulomb barrier for higher energy protons , 
rel~tively more protons will escape. A further explanation 
for the greater proton yield will be discussed in the 
section following t h is one . 
Ivi ock et al., (35) induced 23 ( J ',n) reactions with a 
20 Mev betatron and reported yield measurements. The 
neutron yields of 33 samples, relative to the yield of 
copper for lithium gamma-rays, were measured by v~ cDanie l 
et alo (36). The neutrons were detected by four boron 
trifluoride proportional counters$ 
• 
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Further ( '(' ,n) yield measurements for 18 Mev and 22 
Mev bremsstrahlung were made by Price and Kerst (37) for 
53 nuclei of atomic number between 22 and 83. Neutrons 
were detected by rhodium counters. A curve, yield,2270 z2 •1 , 
was fitted to the data. Ba ldwin and Elder (38), using 
essentially the same technique, measured ( 0' ,n) yields 
with 50 Mev bremsstrahlung and found a curve, yield=l860 z2 , 
would fit the data best. 
Cameron (39) compared the photoneutron data of Price 
and Kerst with theoretical predictions and found that 
above Z equal to 30 there are experimentally more neutrons 
for bremsstrahlung of 22 Mev maximum energy than can be 
accounted for by theory from (C ,n) reactions. From 
theoretical considerations these neutrons can only arise 
from (l( ,2n) and ( 0 ,np) reactions. 
Work is reported on non-fission activities produced in 
bismuth with photons of 48 Mev and 86 Mev bremsstrahlu..'1g 
(40). The results are similar to those obtained by 
bombardment with hi gh energy particles in that many nucleons 
are emitted. 
The 330 Mev synchrotron at California has been used 
to carry out yield measurements on 50 different nuclei by 
Terwillineer et al. (41). For z· ~r7ater than 30 the yield 
was found to be proportional to Z • , where Z is the atomic 
number. 
Scintillation counters have been applied to the study 
of the yields of photoprotons from 20 different nuclei (42). 
The relative yields increase by a factor of approximately _ 
one hundred as Z increases from 4 to 28, and then decrease 
to a value, at Z~5o, of about one-tenth that of the maximum 
at Z-=28. 
Byerly and Stephens (43) measured the yields of 
neutrons, protons, deuterons, and alpha particles from the 
photodisintegration o~ coppe r and6found the y~elds to be respectiv~ly 3.6 x 10 , 1.07 x 10 , 0.34 x 10 , and 
0.04 x 10 particles per mole per roent gen. 
C. Threshold Me asurements 
The first investigat ions dealing with this aspect of 
photodisinte gration were carried out by Baldwin and Koch 
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( 44). Using a 22 Mev betatron they performed ( f' ,n) 
threshold measurements on several nuclei up to Z:47, 
monitoring the beam intensity with an ion chamber and 
observing the induced radioactivity. The activity in some 
cases was rather low and this, together with the fact that 
the betatron was not calibrated accurate ly, led to somewhat 
large errors in the threshold measurements. 
Since this first work, much additional work has been 
done using essentially the same technique, or one somewhat 
different; but in all cases the accuracy of the measurements 
was improved (45, 46, 47, 48, 49, 50, 51, 52). The 
thresholds of ( i' ,p) reactions have been measured also. 
Around the threshold, it has been found, th~t the yield 
per unit of x -ray intensity is closely proportional to 
the square of (E0 - /; ) -T, where E0 -:.- '' is the electron energy 
and T is the ob served threshold enerey. 
D. Enersy-Angle Distribution Studies 
It would b e of interest to know something about the 
energy-angle distribution of the neutrons, protons, and 
other particles which arise from photonuclear 
disinte grations. Several experi~ents concerning such 
studies have been carried out. 
Nuclear emulsions are well suited for this ty_pe of 
experiment and have been used by Toms and St~~hens (53) to 
stu:Jy the photoprotons from the Mg25( ,p) Na reaction. 
A uniform an e;ular distribution vv'as found for a ll energies 
(up to 24 hlev), as expected on statistical theoryo Diven 
and Almy (16) have also used nuclear emulsions to study 
the ener gy-angl e distribution of the pr otons from the 
photodisintegration of silver at 20.8 Mev and aluminum 
at 20.8, 17.1, and 13~9 Mev. Both silver and aluminum 
exhibited an isotropic distribution of protons; but in 
addition, silver displayed a second high energy group of 
pr otons with preference for 90° emission. 
Poss (53), using the Al28 (n,p) Mg27 reaction activity 
as a detector, also found s ymmetric distributions in 
neutrons for bismuth and tungsten, but not for lead, in 
contrast to the results of Price and Kerst (37) who used 
a rhodium counter to detect the neutrons. 
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Byerly anj Stephens (43) in their emulsion stujies of 
the photojisintegration of copper founj that about 10 
percent of the neutrons anj protons which are emittej have 
an ener gy greater than expectej from evaporati on the ory • 
. Levinthal anj Silverman (54), using 320 :Mev bremsstrah-
lung , stujiej the proton yielj from carbon, copper, anj 
leaj by means of a proportional counter telescope. The 
results injica te that for energies less than 30 I\iev an 
isotropic jistribution results, anj for energies greater 
than 30 Mev there is an as ymmetric jistribution with 
preference for goo emission. 
The essential features of nuclear gamma -ray absorption 
suggestej by the above experiTents are (1), a resonance 
excitation followej by (2), emission of a group of protons 
or neutrons of low energy which in energy jistribution anj 
number fit the prejictions of the statistical mo jel anj 
(3), an emission of a group of protons or neutrons of higher 
ener gy anj angular asymmet r y which falls outsije the pre-
jictions of the statistical mojel. This ajjitional 
asymmetric group of protons which is present in some 
reactions woulj help to explain the large ( t"' ,p) to ( '(' ,n) 
yielj ratios founj by Waffler anj Hirzel (32), referrej to 
in the section on yield measurements. 
Levinger an j Bethe (56) anj Courant (57) propose a 
picture which contains just the above features. They 
presume that the main process of nuclear gamma-ray 
absorption is the excitation of a single proton or neutron 
in the nucleus which occasionally escapes immejiately 
without transferring its excitation energy to the rest of 
the nucleus. . This results in a nuclear photo effect. In 
this process hi gher energy nucleons woulj be favorej and 
woulj be emittej preferentially at goo to the beam. 
Usually, however, the protons or neutrons interact with 
other nucleons and then the subsequent emission of protons 
or neutrons occurs in accorjance with the statistical 
theory •. 
IV. THEORY OF TECHNIQUE 
A. Introjuction 
As noted previously in section I, when dealing with 
photons hav i ng a continuous jistribution in energy as is 
the case here, the deternnnation of the cross section as 
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a function of the photon energy requires the solution of 
the integral equation 
E - .~~ 
- 0 / . 
A ( E 0 - / ) N a / \"' ( k ) P ( k , E 0 - .,' t ) d k • ( 1) 
'T' 
For the definition of the different terms in this 
equation see section II. In order to solve this equation 
for the cross section, the reaction rate and the 
corresponding photon distribution must be kn own. 
One way of obtaining the reaction rate would be to 
irradiate the sample to saturation, at which point the 
reaction rate is e ~ual to the rate of decay of the radio-
active nuclei. By plotting a decay curve and extrapolating 
back to zero time, the decay rate, i.e. the reaction rate, 
is obtained. 
For long half-life activities it is impractical, of 
course, to irradiate the sample until virtually comple te 
saturation is obtained, since this would be time consuming. 
What is done instead is to irradiate the sample continuous-
ly for a time and then to determine the number of radio-
a ctive nuclei present at the end of this ti~e. With this 
information, the reaction rate can be determine~ from the 
e quation 
R == A( 1-e-A"t- ) , (2) 
whe re R is the de cay rate at time t, A is the reaction rate, 
and A is the disinte gration constant. 
In the techni que to be described in this paper, the 
sample is not irradiated continuously; but, for purposes 
of monitoring, the s ample is placed in a device called an 
oscillator and alternately irradiated and shielded many 
times during one irradiation peri od. It would appear to be 
desirab l e then to show that, even unde r the se circum-
stances, the reaction rate may be arrived at in a manner 
somev;hat similar to that described above. This may be 
done as follows. 
The irradiation situation can be re presen ted as shown 
in Fig. 1, whe re only t wo and one-half cycles of the 
oscillator have been indicated for the sake of simplifying 
the ana l ysis. Unde r ordinary experimental conditions, 
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Fig. 1--Growth of radioactive nuclei under conditions of alternate 
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write 
( 3 )' 
.. 
In these equations A is the average reaction rate, Ais 
the disintegration constant of the sample, rr;' is the 
irradiation time for one cycle, and f~ the time per cycle 
during which the sample is shielded from the radiation. 
By successive substitutions from Eqs. (3), the follow-
ing expression for N1 may be written; ~ -ni -rdct ;'T ) _()(2.T+f'T) -?..('l.itJ..fT) -~(3't'rlf-r) N1 ~ __!__ -e + e · -e · +e -e , or ( 4) 
~""-
Nl:::. ~ (1-e-71-t) (1 +e_/\(l+f)'! +e-2i'\(l+f)1). 
~ . 
Nl .!___ ( l-e-"1') ~-e-37\( lf" f)'t 
~ Li-e- 7\ ( l-+ f)'l 
since (1+ e-/IV .. -F)!e-2711 '1--f)'I") is a geometric progression. 
( l-e- 7\. ( T + f L ) ) , 
where T s 3-t" +- 2fi is the time from the start until the 




Eq. (7) will still apply, and T would then represent the 
total time for the run in this case. 
T is not necessarily small compared to unity, but if 
-;\.(1 + · f)'(<< 1 (as it usually is), the above equation 
reduces to 
N A 1 1::.---
( 1-e- (I T) • (8) 
(\ 1 + f 
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Another expression may be derived for N from other 
considerations. The total number of disinteg~ations n 1 
which occur in the time interval from t 1 to t 2 ( measured from the end of the irradiation) is 
t2 
n' -= N1 r e-At dt = N1(e-r... tl_e- f\.t2), or (9) 
tl 
Nl = n'/(e-"{\ tl-e-At2).: no 
~ 
where ~ is the efficiency of counting , and n 0 is the 
number of disintegrations actually obtained with a 
counter. Equating Eqs. (8) and (10) and solving for A 
gives 
n A- o 
Y"\_ 
7\ (ltf) fe-?t.t1_e-flt27 -l, or 
-7\T J 1-e 
n A ~ _o_ G ( T, t 1 , t 2 , f, ~ ) • 
( 11) 
( 12) 
For any sample, A will be directly proportional to 
n 0 , the counts recorded by a counter during the time 
i nterval from t 1 to t 2 , providing that the time of ir-
radiation, the time of counting, and the geometry of count-
ing are the same for all the samples. Some variation of 
T (or of t 1 or t 2 ) fro m one run ' to another can, however, 
be corrected for by means of the known dependence on these 
parameters given by Eq . (11). 
B. Method Used to Monitor the Beam Intensity 
As pointed out in section II, it is necessary to 
provide some means for determining the relative ordinates 
of the respective photon s pe ctra which are appropriate to 
the various electron energies at which the machine is 
operated while determining an activation curve. To do 
this requires that the synchrotron beam be monitored. 
This is done as follows. 
A second sample, of the same mater ial as the test 
sample, is alternately irradiated and shielded fro m the 
. I 
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beam at the same time as the test sample. This is 
accomplished by means of the oscillator discussed in 
section · V A. The second sample, ·which may be designated 
the monitor sample , is always irradia ted at the same 
electron energy fro m one run to another, whereas the test 
sample is irradiated at different ele&tron ene r gies. For 
the monitor sample we may write as before 
( 13) 
where the subscript m refers to the monitor sample. 
Providing that the conditions of irradiation time etc. 
are the same from one run to another, the number of counts 
from the monitor sample recorded by a counter durine the 
period from t 1 1 to t 2 ! ( measured from the end of irradiati on) 
will indicate relative changes in the reaction rate. The 
relative change s in reaction rates will indicate relative 
changes in the beam intensity since the intensity is 
directly proportional to the reaction rate. 
c. Application of t he Results of Monitoring to 
the Activation Data 
With a knowledge of the beam intensity changes , the 
act·ivation results are then altered in the following manner. 
One of the n~, say ( nm ) , is arb itrarily selected as the 
value to re present a st~ndard of beam intensity. All test 
sample activities are then converted to the values which 
they would have had if the standard intensity condition 
had been present. This conversion is accomplished by a 
simpl e pr oportion. 
(nm) s 
, 
or ( 14) 
The new activation rate n is then used in place of 
the observed rate n 0 • Since (nm)s is a constant for each 
pair of samples, the activation rate to be used is directly 
proportional to the ratio of the test sample counts to 
the monitor sampl e counts. 
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D. Determina tion of the Adjusted Photon Distribution 
Before the new activation results can be analyzed to 
obtain the cross section, the photon distribution must be 
adjusted to con form to these results. 
Bethe and Heitler (2) have calculated the photon 
intensity distribution to be expected for electrons strik-
ing a thin targeto In practice, however, most targets are 
not thin but are thick enough to cause scattering of the 
electrons to occur. Con sequestly, any practical 
calculation involving the photon intensity distribution 
produced by a high energy accelerator must take electron 
scattering into account. 
Schiff (57) has considered the ene rgy-angle 
distribution from thick targets and has found that, to a 
good approximation, the intensity distribution at all angles 
is that associated wi th tho total radiation as given by the 
inte gration of the Bethe-Heitler formula over all angles 
of the electron and the photon. Thus, the photon 
distribution falling on a sampl e will be essentially that 
given by the inte grated formula of Bethe and Heitler. 
Schiff also has g iven the following expression for 
bremsstrahlung intensity distribution from a thick target 
in the forward direction (12). 
the 
[' = 8 [ 2(1- } ) (1n<x: -1) + 1-" (1nc<: - ia0 • ( 15) 
r ~the relative intensity distribution in the 
forward direction. 
} -.:. k/E 0 , where k is the photon ener> gy and E0 is 
the total ener5~ of t he electron. 
'2. ~ 
0(_')_-:: 0(, o<.:l.. 2 l:Q- }) ,.. c ; 91 
c;(~ + cx.t" ' where o( , ::: ~I}- and (A ,J..- zv~ -- L;;-3 
/--t -=.the rest energy of the e lectron. 
Z .: the atomic number of the target ma terial. 
The distribution proposed by Schiff is shown in Fig . 
2. A comparison of this distribution with that due to the 
integrated formula of Bethe and Heitler, b oth norma lized to 
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Fig. 2--Bremsatrahlung intensity distribution {relative) for electrons 
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over the energy range of interest from 10 Mev to 60 Mev, 
the difference in areas of the two distributions for a 
given E 0-~being at most about 1.5 percent. For a given 
E -;U, a comparison of corresponding ordinates of the two d~stributions shows good agreement except at high photon 
energies. The maximum difference in this re gion is about 
10 percent. 
Since, as will be seen later, the cross section 
determination is accomplished by a numerical and graphical 
analysis, a fa mily of photon distribution curves must be 
plotted covering the energy range of interest. It so 
happened that a family of Schiff photon distribution curves 
was available and, in view of the g ood agreement with the 
Bethe-Heitler distribution, the curves were used in the 
solution of the inte gral equation. 
The s pectral distortion of the photon distribution 
introduced by the absorption of photons in the glass walls 
of the synchrotron donut has been ne glected since the 
distortion is slight, except for photons of very low energy 
for which it acts as a filter. This contention is support-
ed by a comparison of two photon distribution curves shovm 
in the paper of Katz et alQ (12)o ForE -J~< ~ 24o5 Me v 
they calculated the effect on the photon 8istribution of 
the absorption due to the ceramic donut of their betatron. 
A comparison of this distribution with one which has not 
been corrected for absorption, both normalized to a gree 
at a photon energy of 10 Mev, gives a greement within 1 
percent from 10 Dev to 24.5 Mev. Additional support 
in this matter is supplied by the work of Stokes (4), 
who measured the bremsstrahlung intensity distribution 
(E 0 -j) = 65 Mev) prod.uced by the synchrotron after passage 
through the donut, and found it to be in g ood a gree ment 
with the inte grated formula of Bethe and Heitler . 
It would seem that the adjusted photon distribution 
required is tha t corresp onding to a constant electron 
intensity , multiplied by the fraction of the total photon 
intensity which falls on the sampl e . 'rhis simple 
interpretation, however, may be complicated by such things 
as the loss of electrons in the orbit, multiple traversals 
of the target by some of the electrons, or other factors. 
Because of this, the adjusted photon distribution must be 
determined experimentally. This is done by ob taining 
with the oscillator an activation curve for a lO~ction 106 
whose cross section is known. The reaction Ag (~ ,n)Ag 
was chosen, the cross section for this reaction being given 
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by Diven an.::1 Almy (16). As will be observe.::1 below, it is 
preferable to use a reaction having a resonant peak value 
low in energy an.::1 having no appreciable high energy tail. 
The cross section for the silver reaction fits these 
consi.::1era tions since it has a threshol.::1 value of 9.5 Mev , 
a resonant peak at about 16 Mev , an.::1 approaches ~ero at 
around. 21 r.;;ev (see Fig. 3). In a.::1.::1ition, the activity is 
easily in.::1uce.::1 making it more convenient to use than, say, 
the ( ;{' ,n) reaction in tantalum which , even thou3h it has 
a resonant peak lower in ener gy (about 14 Mev), is much 
harder to activate. 
Now the cross section curve for the silver reaction, 
being experimental, is somewhat in error. The a.::1justment 
of the photon distribution to the proper con.::1ition, however, 
will be somewhat in.::1epen.::1ent of the shape of this cross 
section curve for those photon .::1istribution curves whose 
en.::1 points lie in the energy re gion ·well above the resonant 
peak. The reason for this is that the photon .::1istribution 
curves in this range are ab out the same except for a scale 
factor. This is especially true for photon .::1istribution 
curves having high E0 - · values, but less true for 
.::1istributions havine; E0 - ; 1. values aroun.::1 20 Mev, the 
point where the Aglu7 ( ·( ,n)Agl06 cross section 
approache~ zero. 
To offset the effect of errors in the cross section 
on the a.::1justment of the photon .::1istribution , activation 
results for silver were ob taine.::1 only in the region from 
E0 -l l -:- 60 Mev .::1own to 19.5 ··,rev. 
Since the general character of the cross section for 
the silver reaction is lmovm , the photon .::1istribution can 
be a.::1juste.::1 properly, resulting in a set of photon 
.::1istribution curves which may be use.::1 to analyze any 
activation curve taken with the oscillator. 
A plot of the relative or.::1inate value at 10 Mev of the 
norma lized photon .::1istributi£~ is shown in Fig~ 4 . The 
threshol.::1 for the Cl2( {' 1 n)C reaction, as obtained here, 
is about 17.5 Mev. In or.::1er to analyze the activation 
curve for this reaction, therefore, it was necessary to 
extrapolate the curve mentione.::1 above. The extrapolation 
was performe.::1 (in a straight line manner) from E 0 -~t~l9.5 
Mev .::1own to 12.5 Mev( howeveg~ so that the activation 
results for the cu63 ~ ,n)Cu reaction, having a threshol.::1 
of 10. 6 Mev, also coul.::1 be analyze.::1. It is believe.::1 the 
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will show, the results compare favorably with the results 
of other workers. 
E. Solution of the Inte gral Equation 
If the new activation rate n (see Eq. (14)) is used 
instead of the observed rate n 0 , then Eq. (l) becomes 
where the left hand factor represents the new activation 
results, and P( k ,E 0 -)-1) represents the adjusted photon 
distribution. 
A numerical way to solve this integral equation for 
()(k) is to replace the inte gral by a summation over a 
series of energy intervals of width~, within each of 
which an average cross section is obtained. 
( !7) 
' 
P ~o-p-( j + ~ ) oc ' Eo-;J 
where P [E 0 -)). -( j + ~) r:x, E0 - ?] must be expressed in 
units of number of photons per square centimeter per second 
per Mev interval, and E 0 -)J must be a multiple ofo<: o The 
width of the end interval must be adjusted so that tt 
extends only from the threshold to the beginning of the 
next interval. The replacement of the in ~gral by a J 
summation leads to a set of equations in(T"'~ 0-p-(j+!)o:J 
whichmay be solved successively for the various _ 
Cl [E0 -_p -( j + ~)o--] • A smoothing procedure to be applied 
to these results will be discussed in section VII C. 
Another numerical method for solvine the integral 
equation has been developed by Katz and Cameron (58). It 
is based on the photon differences between successive 
photon distribution curves, and indirectly smooths the 
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experimental activation curve by jemanjing that it have 
smooth first and seconj jerivatives. 
All the counting jata for an activation curve may be 
taken unjer the same relative conjitions from one run to 
another, no consijerations of absolute counting being 
required. This means that the factor (nm)s G(T,t 1 ,t2 ,f, '1.) 
is a constant, anj a plot of the new activation results 
8ives a relative activation curve . Given a relative photon 
jistribution , the solution of the integral equation will 
perforce give only relative values for the cross sec t ion. 
If an absolute cross section curve is jesirej, it is 
necessary , after havinc ob ta ined the relative cross s ecti on, 
to make one ajditional run at some value of E0 -/- ( using 
absolute me thojs of c ou..YJ.ting anj moni taring. With these 
results, and with a knowledge of the relative cross 
section, the absolute value of the cross section for this 
value of E0- may be calculated. Once this value is 
obtainej, lt may be applied to the relative cross section 
curve to convert it into an absolute one. 
V. APPARATUS 
A. The Oscillator 
A view of the oscillator ( without its solenoid anj 
tension s pring), together with the leaj shielj, is shown 
in Fig. 5. Another picture of the oscillator in its 
normal opera tin[j position is shown in J?i g . 6 . 'I'he 
oscillator carries two similar sa mples anj , when ener gizej, 
alternately exposes each sample to t he beam. 
From Fi g . 5 it is seen that the oscillator is operated 
in close proximity to the strong magnetic field of the 
synchrotron. In orjer to avert heating effects jue to 
injucej eddy currents, it was necessary to make the 
oscillator out of a non -conducting material. Therefore, the 
oscillator was maje of l/8 inch polystyrene sheet, its 
various c omp onents being glued together with acetone. It 
is jesigned to hold two thin samples ( ~ inch by ~inch 
square) in a position perpendicul ar to the synchrotron 
beam, anj at a jistance of about 18 inches from the synch-
rotron targe t. Sliding ways , maje of bakelite anj ti ghtly 
T ,~ j l jil'll'l!·• j''111'i'l ll•f :rnTl ·T ,f.fjilT'"l\nr,ql r: '' \ 
' 6 7 ' i I 8 'I. I 91 I 10 I I 11 
p:r, , G't I R~t r l'r .. l !l't ' ~'t .f ~~.1,$, • .. ~J~!:~.,I Q]'f..' ,_16 • '~-'· ,,~ • ~ fl • 1!:: 1 
Fig. 5--View of the oscillator (without ita solenoid and tension spring) 








Fig. 6--View of the oscillator and lead shield in operating position 
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fastened with brass screws to the housing of the lower 
magnet coil of the synchrotron, guide the oscillator in its 
back and forth motione The distance of travel of the 
oscillator between its two extreme positions is about 5 
inches. 
The oscillatory moti on is provided by a solenoid 
which pulls the oscillator in one direction, and a tension 
spring which pulls the oscillator in the opposite direction 
when the A.C. power is removed from the solenoid. 
The direction of the synchrotron beam was ascertained 
by means of x-ray films. The oscillator was then always 
aligned for each experiment so that the center of the beam 
passed approximately through the center of each of the 
two samples carried by the oscillator. 
B. Timing Control Circuit for the Oscillator 
A diagram of this circuit is shown in Fie. 7. One of 
the purposes of this unit is to apply A.C. power period-
ically to the solenoid which actuates the oscillator. This 
is accomplished by two Cramer timing devices acting toge ther 
with a system of relayso 
Each time the oscillator changes position, the electron 
energy of the synchrotron beam is switched from one value 
to another. This is done by changing the length of ti~e 
during which the r~f. oscillator of the synchrotron remains 
turned on. The r.f. oscillator on period, in turn, is 
determined by an electronic gating circuit, whose gate length 
is normally controlled by a potenti ome ter and resistors at 
the control desk. The potentiometer and resistors have 
been duplicated in the timing unit and the potentiometer 
set at a different value from the one at the control desk. 
A system of relays alternately switches the two p otentio-
meter settings onto the gating circuit as the oscillator 
moves to and fro and, therefore, changes the energy setting 
of the synchrotron alternately from one value to another. 
Microswitches were mounted at the solenoid to cut off the 
synchrotron beam while the osci llator is changing position. 
At the end of one irradiation period many oscillations will 
have occurred and two radioactive samples will be available. 
One sample will have been irradiated at a certain electron 
1energy setting, and the other sample will have been 
irradiated at a different electron energy settingo 
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Control knobs which control the irradiation time 
intervals for each of the samples are mounted on the front 
of the unit. The range of control is from about 1 second 
to 2 minutes. A record of the irradiation time for each 
sample is provided by two electric stop clocks which record 
the time to tenths of a second. 
The avera ge time during which the oscillator changes 
position is short, being about 0.07 seconds. This fi gure 
was estimated by operating the oscillator for a while and 
recording the time of operation with a stop watch. The 
difference between this time and that recorded by the 
electric · clocks divided by twice the number of complete 
cycles gave the average time of switching. 
C. The Laminated Lead Shield 
In order to shield one sample from radiation during 
the time the other sample is being irradiated, it was 
necessary to construct a lead shield. A picture of the 
shield, together with the oscillator, is shown in Fig. 5. 
The shield is about 3.5 inches high and about 4 to 5 
inches thick in a dimension parallel to the synchrotron 
beam., It was necessary to sta gger the lead sheets in both 
sections of the shield so as to clear certain components 
of the synchrotron. 
Since the shield was to be used in a pos ition between 
the pole pie ces of the magnet in the strong magnetic field 
of the synchrotron, the shield had to be made of laminated 
lead. Therefore, 1/16 inch thick lead sheets, separated 
by 10 mil thick insulating cloth, were use~. The lead 
sheets and insulating cloth are held together by means of 
black insulating tapeo Even after several hours of use, 
the heating effect due to eddy currents was slight, being 
noticeable only in a small portion of the shield located 
in the strongest part of the magnetic field of the 
synchrotron. 
A flat wooden structure to support the lead shield was 
constructed (see Fig . 5). Provisions were included for 
securely fastening the structure to the sliding ways and 
to the lower coil housing of the synchrotron magnet. It 
was necessary to secure all the apparatus in place because 
the synchrotron produces considerable vibration when being 
operated .. 
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The effectiveness of the shield was checked by 
irradiating simultaneously (at various electron energies) 
two copper samples arranged so that one sample was direct-
ly in the beam and the other was shielded from the beam by 
the lead shield. The ratio of the saturation activity of 
the shielded sample to the saturation activity of the 
unshielded sample was found to be a fraction of l pe rcent. 
VI. I.IETHOD Ol<' PROCEDURE 
A. Prelimina r y Investigations 
There are apt to be other activities induced in the 
sample beside s t he one of inter est. Before any activation 
data are taken for a particular photonuclear reaction, 
therefore , it is necessary to make a determination of the 
relatlve amounts of the other a ctivities which are present. 
This can be done by obtaining and ana l yzing decay curves 
of the materials which are to be irradiated later for 
a ct ivation res ults. 
63 The reactions inve stigated in this experiment we re 
Cu ~ ~ ~ , n ) 62 , h~ving a 10.3 minute half- life; 
A~lO ( ~ , nlAgl06, having a 24 mi nute ha lf-life; and 
CL2(~ , n )C 1, having a 20.5 minute half-life. Samp les 
of copper , silver, and p olystyrene (for carbon ) we re 
irradiated for a fevv minutes ard decay curves were then 
obtaine:1. 
For copper, in addition to the activity mentioned 
above , there was als o present ~P activit6 of 12 hours 
half-life attributed to the Cu 0 ( :' ,n)Cu 4 reaction. It 
was found , however, tha t the amount of this activity 
compa red to the short lived activity is less than 1 peroent 
if all counting is done within 2 0 minutes after the enj of 
the irradiation period. 
The results for si lver indicated the presence of an 
activity of 2 minutes ha lf-life in addition to the one 
referred to a~8~e~ The short lived activity is due to the 
Agl 09 ( 11' , n )A e; reaction. In this case , if a ll the 
counting is done 18 mi nutes or later after the end of the 
irradiation pe riod, the short lived activity will be less 
than 1 percent of the longer lived activity. 
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The decay curve for polystyrene, for which counting 
began 2 minutes after the end of the irradiation period, 
showed only the activity of 20.5 minute half-life. Thus, 
the counting procedure for the carb on reaction can be done 
any time 2 minutes or later after the end of the 
irradiation; but for the copper and silver reactions the 
limitations on counting , imposed by the results of the 
decay curves, must b e followede 
The problem of apparent (( ,n) reactions which are 
actually due to (n, 2n) processes must be considered. It 
is believed that the neutron flux at the synchrotron is 
sufficiently small so that the ratio of the (n, 2n) 
reactions to the ( r ,n) reactions is very s mallo This 
belief is supported by the work of Perlman and Friedlander 
(25), who found in their relative yield studies of various 
reactions (including the three reactions under consider-
ation here) that the number of apparent ( r,n) processes 
actually due to (n, 2n) reactions was less than l percent 
of the primary ( I>"' ,-n) reactions o 
B . Procedure for Getting Activation Data 
For testing the new technique described in this paper 
it was necessary only to obtain relative cross section 
data. Consequently, considerations of absolute monitoring 
and absolute counting were not required. 
Several samples each of copper, silver, and p olystyrene 
were cut into squa res with i inch sides so as to fit in the 
oscillator. The copper samples and the p olystyrene 
samples were 45 mils thick, and the silver samples were 5 
mils thick. Each sample was given a number and then 
weighed so that the activation results to be obtained later 
could be corrected for small differences in sample areas. 
Data for an activation curve were taken in the 
following manner. Pairs of sa mples of the same material 
were placed in the oscillator and irradiated. The monitor 
sample always was irradiated at the same electron energy 
setting of the synchrotron (about 60 Mev ), but the test 
sample was irradiated at various e l ectron energy setting s 
from one run to another. For each run, the irradiation 
periods, the times of coun ting , and the geometries of 
counting were kept the same. The se conditions must be such 
as to give g ood counting rates which are neither too low 
nor too high& In addit ion , the irradiation periods should 
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a gree somewhat with the irradiation times used to obtain 
the decay curves, so that the extraneous activity which is 
px•e sent will b e only of the order of 1 percent of the total 
activity. Preliminary test runs were made to determine the 
best conditions. Usually it was found that irradiation 
thtes of around 2 or 3 minutes each for the two samples 
and counting periods of 4 to 5 minutes were satisfactory 
for the reactions investigated. After correction of the 
a ctivation results for differences in sample areas and for 
sli ght differences in irradiation times, the ratio of the 
test sample activity to the monitor sample activity was 
calculated and plotted a gainst the e l ectron energy to give 
a relative acti vation curve. 
Early in the course of the experi:nent it was discovered 
that the synchrotron b eam was able to strike the samples 
during the time in which the oscillator was chan ging 
positions, thus introducing an error in the activation 
results. I n an att empt to correct this difficulty ~nicro­
switches activated by the solen oid plunger wer e installed 
to turn off the s ·ynchrotron beam during the switching 
operations . This modification did not completely eliminate 
this difficulty but , for most activation resu lts, it 
LnprovoJ t_l(' s :i. t.Po. ti on t o the point uvhere the error introduced 
by it c o1 · L '8 i. g n or e d. The error• introduced in the 
monitor s a~pLo a ct i \· i t y J ue to this effect was ne gligible 
in comparison to the true activity which was always rather 
high. The same was usually true for a ctivities induced in 
the test sample, exce pt for results obtained around the 
threshold where activities were sometimes l ow. In this 
re gion the activity i nduced during the switching operation 
sometimes can be significant and must be considered. 
This is done by mak: ng a test run with the electron 
ener gy setting of t he s ynchrotron such that during the 
irradiation time f or the test sample photons of sufficient 
ener g7 to cause t he reaction in this sample will not be 
created. Thus, any activity present in the test sample is 
that i nduced duri ng t he switching operation ( plus the very 
s ma ll amount of activity pr e sent due to the ineffect-
iveness of the Je ad shield). The ratio of the test sample 
activity to t he monitor sample activity can then be a pplied 
t o the results of sub sequent runs to c orrect them for the 
radiation received during t he switching operation. 
To meet the requ ire ments of good co~~ting rates over 
the entire activation curve, someti~es it was ne cessary to 
take data for one section of the curve under conditions 
different fro m t hos e u sed to ob tain the rest of the curve. 
The results of t his s ecti on were then corrected for 
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differences in samp l e weights and times of irradiation. 
By taking s uf f icient data so that the two sections overlap 
slightly it wa s possible to bring one section into smooth 
a gre ement with the adjacent section. This was done by 
means of a simpl e proportion calculation which adjusted the 
activation results in one section to the values which would 
have resulted if they had been acquired under condi tions 
pe rtaining to the adjacent section. 
Relative activation data, tak~n in the above manner, 
were obtained for the Cu63( (' ,n)Cu6 reaction, and the 
cl2( C,n)Cll reaction from their thresholds up to 60 Mev, 
and for the Agl07( '(' ,n)Agl06 reaction from 19 .5 Mev to 
60 Mev (see Fi gures 8, 9 , and 10). It was found that data 
for one comp l e te activation curve could be obtained easily 
in one day. 
According to the theory presented in this paper, the 
relative activation curve for a particular reaction should 
be independ en t of t he conditions of irradiation, and time 
and geometry of counting used. To check t his , and at the 
same time de termine the effectiveness of the techniqu~ 
in duplicating results, the part of the cu63( C,n )Cu0G 
ac t ivation curve in the re gion from 35 Mev to 65 Mev was 
obtained a second ti~e under conditions of irradiation 
period, and geometry of counting different from t h ose 
pertaining to the orig inal curve. A comparison was made 
wi th the ori ginal curve and very good agreement found 
everywhere. The discrepancy was at most about 5 percent 
and usually wa s l e ss t han this. The discre pancy is due to 
statistical fluctuati on s in counting and to the inability 
to duplicate precisely c onditions from one run to another. 
On the basis of the se res ults, it can b e stated that a few 
of the experimenta lly ob tained activation points can be 
a s much as 5 percent in error. 
VII ., RESULTS 
A. Activation Data 
Relative a ctivation data for the Cu63( ~ ,n)Cu62 and 
cl2( 6 ,n)cll reactions were ob tained from thresholds up 
to about 60 Mev. The results a ppear in Figures 8 and 9. 
For the reasons already mentioned in the theory, 












10 12 ~ ~ ~ ~ U M H H ~ ~ 
E0 -~& IN MEV 
s:s' 62 Cu (y,n) Cu 
tx • 10.3 minut11 
0-E aptrlmtntal paints 
X-calculattcl paints 
15 20 25 30 35 40 45 50 55 
E0-p. IN MEV 




























E0 -fL IN MEV 0 
0 
d2 (y,,)d I 
t!i= 20.5 MINUTES 
o EXPERIMENTAL POINTS 
• CALCULATED POINTS 
0• __, I I I I I I I I I ~ I 
1!5 20 2!5 30 -- ~- ~- -- -- -x "' 
IN MEV 
















~ OT / Aglo7(r."7) Agl06 I 5 0.6 tl= 24MINUTES 2 
~ I 0 
0.4 
0.2 
0 15 20 25 30 35 40 45 50 55 60 65 
E0-IL IN MEV 










- 45 - ISC-183 
taken only from 19.5 Mev to about 60 ~ov. The activation 
curve for this reaction is shown in Fig. 10. 
B. Adjusted Photon Distribution 
Photon distribution curves, plotted from Eq. (15) 
and normalized to agree at a photon energy of 17.5 I1Iev., 
were available. By means of the activati£n curve and the 
cross section curve for the Agl07 ( r' ,n)Ag 06 reaction, the 
respective photon distribution ordinates were adjusted to 
the values which are a ppropriate at the various electron 
energies when obtaining an activation curve. The relative 
ordinate values of the adjusted photon curves at a photon 
energy of 10 Mev were plotted against E0 -,M. The resulting 
curve is shown in Fie;. 4. The thre sholct for the cl2 ( 6 ,n) ell 
reaction, as obtained here, is about 17.5 Mev. As pointed 
out in section IV D, in order to analyze the activation 
curve for this reaction, it was necesaary to extrapolate 
the adjusted photon distribution curve. The extrapolation, 
however, was carried out (in a straight line manner) from 
19.5 Mev dgwn to 12 ~5 };iev so that · the activation results 
for the Cu 3( (' ,n)cu62 reaction could be analyzed also. 
In view of the good results obtained for b oth reactions, 
it is believed that the extrapolation is a good one. Table 
1 gives the values for the relative pumber of photons per 
unit area per second per indicated photon energy interval. 
C. Cross Section Calculation 
1. Method of calculation. 
The numerical ~ethod of solution, referred to in the 
theory, was used to calculate the relative cross section 
for the Cu 63 ( '{' ,n) Cu 62 and c 1 2( '{' ,n) C 11 reactions up to a 
photon enereY of 29.5 J.',iev. The photon energy interval,OC, 
was taken to be 1 Mev. 
It was pointed out in the last section that some of the 
activation data can be as much as 5 percent in error. 
Because of the nature of the calculation, each calculated 
cross section value is influenced not only by this error 
but also by the errors in all of the calculated values of 
, 
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Table 1. 
Relative number• of photons per square centime ter pe r second. 
per ind.icated photon energy interval. 
Photon onerr;y 
Eo-p 10.6 12.5 
Mev. -12.5 -13.5 
12.5 270.0 








15.5 477.0 166 , 8 122.8 58.7 
15.5 
-16.5 
16 .5 502.0 185.0 148.0 106 .4 50.5 
16.5 
-17.5 
17.5 522.0 201.5 166 .4 133.7 100.0 48 .0 
18.5 535.0 210.5 178.8 149.4 121.0 89.5 
19.5 552.0 221.4 190 . 0 163.3 138.0 113.5 
20.5 568 .0 230.5 200 . 5 174.6 151.5 129.6 
21,5 578,0 239,0 211.0 186 .3 164 .6 144e3 
2 2 • 5 58 4 • 0 2 42 • 0 -::::2-=-1~2 ....:... ::.:-0 -----:1:-;:8 8~.~4--1~6=8::-'.'--::6~--:;-1-;:-5 0;::-'-. 4;;----
23 .5 597 . 0 2 45 . 0 217.5 195 .6 175.6 156.8 
24.5 599 .0 2~7.0 221.8 199 .3 179.7 161.9 ~2~5~.o~h--~6~2~5~.~0~--~2~5°::.:-v ~.0~--~2~3~3~.~0~--~2~10~.3~--~1~9~0~.~0~--~17~2.~3~---
26 .5 663.0 277.2 250.0 225.5 204.4 185.8 
27,5 749 . 0 313.0 282 .0 2 55 . 5 231.0 211.5 
20.5 837.0 349.0 315 . 5 286.0 260.0 238 .5 
29,5 929 .0 386 . 0 348 . 5 317 .0 289.0 266.0 
39.5 1794.0 752 .0 687 .0 620.0 575 . 0 528.0 




Photon ener gy interval in hlov. 
17.5 10 .5 19 .5 20.5 21.5 






18 .5 43.6 
i 9 .5 84.5 44,0 
20.5 105.7 79.7 37.4 
21.5 124.6 101.4 76 .. 2 39,3 
22 .• 5 131.1 112.6 92. 8 69.8 
23,5 139 .7 123, 7 88 .7 32.8 
24.5 146.1 130.7 115.3 100.3 82.8 62 .2 
25.5 155.8 140 . 6 127 .o 112.3 97 .5 80 .1 
169 .6 154 .. 3 140.0 126.2 112.4 96.7 
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Photon energy interval in .i.1ev. 
Eo -){ 17.5 18.5 19.5 20 .5 21.5 22.5 
Hev. -18 .5 -19.5 -20.5 -21.5 -22.5 -23.5 
27.5 193.6 177.2 162 .. 0 147o0 133.3 118 .0 
28.5 219 .o 213 .o 184 .5 168 .5 154.4 139.5 
29o5 243.3 220.0 206.5 190.5 . 175.5 160.3 
39.5 487.0 454 . 0 426.0 338.0 373 .o 350.0 
59 .5 1018 .0 949 .o 893.0 837 .0 788.0 742.0 
Photon ene r g;[ inter·val in .,ev. 
Eo-A 23.5 24.5 25.5 26.5 27.5 28.5 







18 . 5 





24.5 31. 5 
25.5 61.0 30.2 
26 .5 80 . 8 6 lo7 28 .2 
27.5 102.8 86 .5 65~7 3 1.1 
28 . 5 124 . 4 109.2 9 1.3 69 . 3 32.2 
29.5 146.5 129.6 115.2 96. 0 73.0 35.5 
39.5 330.0 3 11. 0 294.0 274.0 252 .o 252 .0 
59.5 702.0 667s0 634.0 597.0 578.0 547.0 
cros s s ection which J recede it. This results in errors i n 
cross sec tion values which c ~n be large , sin ce the 
ca lculation involves the differen ce of two numbe rs of about 
the same ma gnitude. Approximate values can be calculat ed , 
however , and pro gressive smoothing used to ob ta in a smooth 
curve. The calculation of a negat ive va l ue for cross 
section at hi gh energy values means that some of the 
previ ous esti ~.!ated cross section value s were to o large . 
The t h reshold for this reaction was found to b e 10.6 
- · 48 - ISC-183 
Mev, in good a greement with the value of 10.9 ! 0. 2 Mev 
given by -·.IcElhinney et al. ( 40). The cross section curve 
>Tas found to have a r:1aximum value at 17 Mev and to 
approach zero at around 29 Uev {see Fig . 11f. For a 
comparison with other results see Table 2. 
To determine if the cross section curve as obtained 
here is consistent with activation results at hi gher 
energies, the cross s ection values were substituted into 
the summation for mula for the activity , and activation 
results calculated f or E0-/u~: 39.5 I,lev and 59.5 :lilev. The 
re ~~lts are plotted on the activation curve for Cu~ ( C ,n)Cu62 (see Fig . B) and are in very good agreement 
with the experi ce ntal re sults. 
Tab le 2. 
Comparison of cross section results for the cu63( f' ,n)Cu62 
and cl2( ,n)cll reactions. 
Reaction Threshol:3. 
Cu63( r.' , n ) Cu 62 
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3. cl2( ~,n)cll cross section results. 
The threshold for this reaction was found to be at 
17.5 Mev, as compared to the value of 18.7.±0.1 Mev given 
by McElhinney et al. (45). This discrepancy is caused 
partly by the fact that the synchrotron is only calibrated 
(by measurements of its magnetic field and of the 
equilibrium orbit) to an accuracy of about 2 or 3 percent; 
in addition, the activity near the threshold was low making 
the results in this region subject to somewhat large · 
statistical errors. 
The cross section for this reaction was found to have 
a maximum value at 20 Mev and to approach zero at around 
27 Mev. (see Fig. 12). For a comparison with other results 
see Table 2. 
Here, calculations using this cross section were 
performed to obtain activation results to check against 
the experimental values at E0 -p ~ 39.5 Mev and 59.5 Mev. 
From Fig. 9 it is seen that the agreement is very good. 
Both cross sections exhibited an abrupt increase in 
cross section around their thresholds. McElhinney et al. 
(45) have indicated this sudden increase in cross section 
is to be expectedo It is pointed out in their paper that, 
due to the effective thickness of a target, the intensity 
of any isochromat in the region of the maximum photon 
energy may be expected to increase with the energy below 
the maximum. Under these conditions, to account for the 
quadratic variation of the activation function around the 
threshold, the cross section would have to rise abruptly 
to rather large values. 
The effect, on the above cross section results, of a 
small tail on the silver cross section should be considered 
here. The presence of this tail would introduce no 
appreciable change in the adjusted photon distribution 
results below about 20 Mev, but in the region from 20 Mev 
up to 60 Mev all of the photon distribution curves would 
be decreased in amplitude slightly. Thus, in order to 
produce the same activation results in this region, since 
the number of photons would be smaller, the cross section 
would be larger~ result~ng in small tails on both the 
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VIII . DISCUSSION 
Ao Evaluation of Experiment 
The comparison of cross section data in Table 2 
indicates there is very g ood a greement between . the results 
of this paper and those of Katz et al. and Diven and Almy. 
Because the results were arrived at by two different 
methods, it may be concluded that if one method is correct 
then the other is also correct. There is only fair a gree-
ment of the results ob tained here with the work of Sagane, 
and Baldwin and Klaiber$ 
It is believed that the cross section shapes obtained 
here are as accurate as those of Katz et al. and Diven and 
Alroy. These results, in turn, are b elieved to be more 
accurate than those of Sagane, and Baldwin and Klaiber, 
who assume a rectangular b remsstrahlung intensity 
distribution and ob t a in the cross section by a simple 
differentiation of the corrected yield curve. Besides the 
assumption of a rectangular intensity distribution, Baldwin 
and Klaiber make a calcu lation of the response of their 
ion chamber monitor to this distribution based u pon simple 
assumptions which are least accurate in the energy region 
where 'the eros s section s occur~ 
With the excep tion of Sagane's method of simultaneous 
activation which r equires n o s pecial apparatus, the method 
of obtaining activa t ion data as presented in this paper 
would appear to be more c onvenient than the other me.thods. 
It is also free of the trouble some neces s ity of 
theoretically calculating the r e sponse of an ion chamber 
to the bremsstrah l ung spectrum. In addition, no consider-
ation of the change i n intensity-angl e distribution with 
change in electron energy is required. This problem would 
have to be conside~ed i n any res ponse calculation concern-
ing an ion chamb er . 
Although the method of simultane ous a ctivation due 
to Sa gane has the advanta ge that no s 1~cial apparatus is 
re quired, investigations are limited to cross section s 
which occur in ener gy wel l above t he re s onant peak of the 
monitor cr-oss se c tion , 1ml ess an activat i on curve for th.o 
monl i- or reaction is je ter::r1ine.:J. · ~l c o;1e :ilanne r . '.L'h is li;ni ta -
tion doe s no t a ppl y t o the t echnique described hare. 7ho , 
ma i n a;1vo.n ta-:;e of this te chnique over the :.1othoj of sL:ul -
t aneous a cL l~at i on, h qwever , is tha t ~he half -life 
activity of t ho ::nonitor sample is the s ame as that ol.' the 
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test sample. This means that the effect of intensity 
changes is eliminated more completely than with a monitor 
sample whose J:lalf-life activity is only approxi~na tely that 
of the test sample. 
The main criticism against the new me thod, it seems, 
is the inaccuracy in the adjusted photon distribution due 
to the error in the silver cross section. In view of the 
good agreement with the work previously referred to, 
however, and because the results are completely consistent 
in themselves, it is felt that this error is not 
appreciable. It should be pointed out here that the 
inves tie;a t ion of cross sections which lie bey one E0 - ,.u =- 30 
Mev would be free somewhat of this error, since at hi gher 
energies the adjustment of the phot on distribution is 
almost independent of the cross section shape for the 
Agl07( ~ ,n)AglOG reaction. 
The criticism mentioned above could be removed by 
using a pair spectrometer cf good resolving power, instead 
of the silver reaction, to adjust the photon distribution. 
It would be necessary to use the oscillator and to follow 
the same procedure as that used in obtaining an activation 
curve, except tha t electron pairs would be counted instead 
of measuring radioactivity. The results, when plotted, 
·v"lou ld lea.::l im~Jediately to the adj 1J.ste.::1 photon .::listribution. 
If a sufficiently large number of pairs were observe.::l, the 
f i;:,al results could be quite accurate. Also, wtth the pair 
spectrometer, reliab le cross section cu rves for a few 
sui table reactions c oul.::l be obtained.. These c oul.::l 
subsequently serve as trustworthy "secon.::lary standar.::ls" 
for work on other reactions with the ai.::l of the convenient 
metho.::l presente.::l in this paper. 
Another criticism of the new me thod, and a vali.::l one 
for any method base.::l upon the ~easurement of radioactivity, 
is that any reactions which result in activities of very 
short or very lone half-life cannot be stu.::lied conveniently. 
In such cases, however, the reactions may be stu.::lied by 
observi::-1~, the particles which come off when the reaction 
occurs. 
Summarizing briefly , a new metho.::l of cross secti·on 
measurement has been p1•esented which has certain .::lefini te 
advanta ges over other methods , but lea.::ls to results which 
are no more accurate than the best results of the other 
methods. Detter ac curacy coul.::l be obtained by the proper 
use of a well .::lesigned pair spectrometer to .::letermine the 
adjuste.::l photon distribution. 
- 54 -
B. Comparison of Theoretical anj Experimental 
Aj justej Photon Distributions 
ISC-183 
Because of the methoj of monitoring usej in the 
experiment, it might be supposej that the requirej photon 
jistribution is the integratej one of Bethe anj Heitler 
(2) (corresponjing to an electron beam of constant inten- · 
sity), rmltipl ied. by the fraction of the total photon inten-
sity 1:1hich falls on the sample being irrajiated.o This frac-
t ion -;an be calculatej from the i ntensity-angle distribution 
results jue to Schiff (58 )o TI1e application of this 
fraction to the inte grated. jistribution gives the 
theoretical phot on jistribution curve shown in Pig. 13. 
The results of intensity-angle distribution experiments 
perfor mej here were used. to calculate an experimental curve 
for comparison with the theoretical one. The intensity 
jistributions were obtainej by irrajiating copper samples 
( ~inch >; ~ inchX0.045 inch) mountej parallel to the 
synchrotron beam anj jistributej along the arc of a circle 
about 7 feet from the synchrotron target. After irradiation 
a t a particular electron energy, the activity due to the 
Cu63( r" ,n)Cu62 reaction was obtainej for each sample and. 
the res pect ive saturation activities then calculatej. A 
plot of the results gave an intensity-angle jistribution 
at the particular electron enerey~ The analysis , however , 
was complicatej by the presence of s mall seconjary intensity 
distributions to either side of the main one, which maje it 
jifficult to jetermine the zero poin t of the main 
jistribution. A small error in locating this p oint has 
consijerable effect on the calculation of the fraction of 
the total intensity wh ich falls on the sample. 
The intensity distributions were comparej with those 
of Schiff (58 ) over the range where the effect of the 
seconjary jistributions is i nappreciable (oo to 50 from the 
center-line of the main beam ) e The a greement was very gooj 
at high e lectron energies arounj 50-60 Mev but the a gree-
ment vva s poor at lower enerc;ies, the experimental 
distributions being narrower than the theoretical 
d.istributiono The experimental curve obtainej from these 
results is shown in Fi g o 13, normalizej to agree at 60 
Mev with the theoretical curve~ The jifference can be 
attributej to the narrowness at the lower energies of 
the experimentally obtainej intensity-angle jistributions, 
as well as to the errors introjuced by the inaccuracy in 
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For comparison, the experimental curve obtained by 
means of the silver reaction is also shown in Fig. 13. 
The disagreement ·or this curve with theory can be a ttribut-
ed partly to the narrowness of the experimental intensity-
angle distribution mentioned above. In addition, such 
things as multiple traversals of the target by electrons 
and the loss of some electrons in the orbit could be 
responsible for part of the disagreement. 
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